Data were pooled from multiple sources including newly collected triatomine specimens, preserved specimens, government reports, and scientific articles to create a biogeographical profile of triatomine vector species found in Texas. Triatomine specimens were documented in 97 of 254 counties, and Trypanosoma cruzi-infected specimens were reported from 48 counties. Triatomine specimens were distributed in 11 of the 12 ecoregions in Texas, with all but one species found in multiple ecoregions. Of the 241 newly collected specimens, 50.74% were infected with T. cruzi. Triatoma gerstaeckeri was the most frequently collected and most geographically dispersed species followed by T. sanguisuga. Three species, T. gerstaeckeri, T. sanguisuga, and T. lecticularia, were associated with human dwellings, and over half of the new specimens found inside or near houses were infected with T. cruzi. Chagas disease vectors in Texas are widely distributed and have adapted to ecologically diverse settings. The high T. cruzi infection prevalence of specimens found in close proximity to human settings suggests the presence of an active peridomestic Chagas disease transmission cycle.
Introduction

C
HAGAS DISEASE, CAUSED BY THE hemoflagellate protozoan parasite, Trypanosoma cruzi, continues to be an important public health threat in the western hemisphere with a prevalence of approximately 12 million human cases and 21,000 deaths annually (Schmunis 1999) . Although transmission of the parasite to humans can occur by blood transfusion, organ donation, ingestion, or transplacentally, greater than 80% of all human cases are caused by vectorborne transmission (Dias and Schofield 1999) . Members of the Triatominae (Hemiptera: Reduviidae) subfamily, which are obligate blood feeders in all postegg stages, are the biological arthropod vectors of T. cruzi. Transmission occurs when the infected bug defecates on or near the host during or shortly after feeding and the fecal material is subsequently rubbed into the bite wound, broken skin, or mucosal tissue. The lack of a vaccine and limited treatment options have kept the focus of Chagas disease prevention on control of the triatomine vectors (Dias and Schofield 1999, WHO 2002) .
T. cruzi and its triatomine bug vectors have been discovered in diverse ecological niches throughout the tropical and subtropical regions of North and South America, approximately between the latitudes of 42°N and 46°S (Ramsey and Schofield 2003) . Of the 130 species currently recognized in the subfamily Triatominae (Schofield 2000) , 11 have been reported in the southern half of the United States, eight in the state of Texas (Lent and Wygodzinski 1979, Ikenga and Richardson 1981) . Triatomine bugs utilize a broad range of vertebrate hosts including mammals, birds, and reptiles, and all species are considered potential vectors of T. cruzi (Schofield 1994) .
Molecular and morphological data suggest that the T. cruzi disease cycle, including the parasite, bug vectors, and susceptible mammalian hosts, became established in the United States long before the arrival of humans (Briones et al. 1999 , Schofield 1988 . The data on prevalence of T. cruzi in U.S. vectors are primarily derived from specimens collected in Texas, California, and Arizona with rates ranging from 17-48%, 14-40%, and 7.1-20.5%, respectively (Burkholder et al. 1980 , Pippin 1970 , Ryckman and Ryckman 1967 , Sullivan et al. 1949 , Wood 1949 , 1975 , Wood and Wood 1964 . T. cruziinfected vectors have also been found in Florida (Beard et al. 1988) , Georgia (Pung et al. 1995) , Alabama (Olsen et al. 1964) , Tennessee (Herwaldt et al. 2000) , and Louisiana (Yaeger 1961) . Although the reported incidence of human Chagas disease due to vector exposure in the United States is low, U.S. strains of T. cruzi have proven to be virulent as con-firmed by clinical disease and death in a wide range of mammalian species including domestic dogs (Williams et al. 1977 , Meurs et al. 1998 , primates (Kasa et al. 1977 , Gleiser et al. 1986 , and humans (Packchanian 1943 , Ochs et al. 1996 .
In the past decade, geospatial methods have been increasingly applied to the study of the Chagas disease transmission cycle. Computerized vector distribution maps, vector ecological niche modeling, and disease transmission risk modeling have been used in Latin America to aid in Chagas disease vector control and disease prevention efforts (Beard et al. 2003 , Costa et al. 2002 , Dumonteil and Gourbiere 2004 . Conversely, little work has been done to comprehensively characterize the geospatial attributes of U.S. triatomine species. Usinger (1944) and Lent and Wygodzinsky (1979) rarely provide U.S. species distribution data below the state level in their widely cited works on Triatominae. Prior to 1970, several notations on field collections of U.S. triatomine species and corresponding T. cruzi infection rates were reported (Eads et al. 1963 , Ryckman and Ryckman 1967 , Sullivan et al. 1949 , Wood 1941a , 1941b , 1941c , but these surveys were focused in small regions of the southwestern states. In the past three decades, little additional data have been reported to allow for accurate estimates of current triatomine distribution and infection prevalence in the United States. The goal of the present study was thus to assemble data on triatomine bugs regarding species identification, collection site attributes, and T. cruzi infection status from diverse sources to provide a comprehensive geospatial description of endemic vector species in Texas. Data were generated through new field studies, evaluation of preserved triatomine specimens, analysis of government reports, and abstraction of peer-reviewed journal articles. The state of Texas provided several advantages as the study area for this project. In addition to the availability of significant historical data on triatomine collections in the state, its geopolitical boundaries encompass a large land area (678,054 km 2 ) and great ecological diversity. According to the U.S. Geological Survey, 12 major and 56 minor ecoregions are recognized within its borders (Griffith et al. 2004) . Texas is located at the intersection of the distributions of eastern and western U.S. triatomine species and supports one of the highest triatomine species diversity in the U.S. (Lent and Wygodzinski 1979, Usinger 1944) . Sites sampled by the author were selected on the basis of previous reports of triatomine bug sightings or canine Chagas disease cases. Specimens collected by health department employees and residents were primarily taken from in and around houses and dog kennels as prompted by concerns of disease transmission risk. All adult specimens were identified to the species level using the taxonomic key of Lent and Wygodzinsky (1979 (Beard et al. 2003 , Eads et al. 1963 , Pippin 1970 , Ryckman and Ryckman 1967 , Sullivan et al. 1949 , Williams et al. 1977 , Wood 1941b . Data on collection location, species identification, and T. cruzi testing were abstracted from these records and combined with data from new and preserved specimens in a spreadsheet for analysis and mapping.
Materials and Methods
Collection of triatomine data
Detection of T. cruzi in new specimens
The posterior mid-and hindgut from each newly collected bug was dissected following previously described methods (Garcia and De Azambuja 1997) using sterile, disposable scalpels and forceps disinfected with a 10% bleach solution and ultrapure water rinse between samples. The excised gut was placed in 50-L of molecular-grade water and homogenized using a sterile, disposable pestle. A 5-L aliquot of homogenate was examined by direct microscopy using Nomarski optics at 400ϫ for the presence of trypanosomes. The remaining sample was stored at Ϫ70°C for DNA analysis. DNA was extracted from all gut samples using the PURE-GENE ® DNA Purification Kit (Gentra, Minneapolis, MN) and used as template for polymerase chain reaction (PCR) amplification.
One of two primer sets was used for detection of T. cruzi in all samples: Tc24T1F-Tc24T2R (Vera-Cruz et al. 2003) , which target a ϳ550-bp segment of a T. cruzi-specific flagellar protein gene, and 609F (Da Silva et al. 2004 ) and TcV5R (5Ј-ACT CTT GCG AAC GTA CTC CCC-3Ј), which target a ϳ900-bp DNA segment containing small subunit (SSU) rRNA sequence. Use of the second primer set was to facilitate data collection for a phylogenetic analysis of the T. cruzi isolates, the results of which will be reported separately. Amplifications were done in 25-L reactions containing 1-L of DNA template, 1ϫ GoTaq Green Master Mix (Promega, Madison, WI), MgCl 2 final concentration adjusted to 2.5 mM, and 10 pM of primers. After an initial denaturation at 95°C for 1 minute, the reactions were cycled 35 times for 45 seconds at 95°C, 45 seconds at 58°C, and 90 seconds at 72°C, followed by a final extension for 7 minutes at 72°C. The amplified products were analyzed on 1.5% agarose gels with ethidium bromide. No further processing was performed on samples tested with the Tc24T1F-Tc24T2R primers due to the KJOS ET AL. 42 demonstrated specificity of this primer set for T. cruzi. Amplified SSU rRNA gene products positive for a band at ϳ900 bp were extracted from a low melt 1.5% agarose gel and purified using the Wizard ® SV Gel and PCR Clean-Up System (Promega). The purified amplification products were sequenced using 2.5 L of Perkin Elmer ABI Big Dye Reaction Mix plus 10 pM of primer in a PCR. The reactions were cycled 45 times for 10 seconds at 95°C, 5 seconds at 50°C, and 4 minutes at 60°C, followed by a holding temperature of 4°C. The products were analyzed on an ABI PRISM ® 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA) by the Gene Technologies Laboratory at Texas A&M University. Consensus sequences were constructed and edited using Sequencher software (Gene Codes Corp., Ann Arbor, MI) and compared to sequences in GenBank using the BLASTN algorithm (McGinnis and Madden 2004) for trypanosome species identification.
Geospatial analysis
The geographic locations for new specimens were obtained by a mobile GPS unit or geocoded from a street address. Geographic locations for all other specimens were abstracted from locality labels (preserved specimens) or specimen records (TX DSHS and published articles) and geocoded. County-level location data for all specimens and decimal degree (i.e., point) locations for specimens with specific collection site information were mapped using ArcGIS 9.1 software (ESRI, Redlands, CA). Triatomine species distribution by ecoregion was obtained by combining specimen point locations and the Texas ecoregions map, level 3 categories (Griffith et al. 2004) .
Results
Geographic distribution of triatomine bugs
The distribution of triatomine bugs in Texas was derived from 2457 records. This number includes multiple specimens collected from the same location in some cases. Table 1 provides the distribution of triatomine specimen records by source. The accumulated data included records on each of seven Triatoma species previously reported from Texas: T. gerstaeckeri (Stål), T. indictiva Neiva, T. lecticularia (Stål), T. neotomae Neiva, T. protracta (Uhler), T. rubida (Uhler), and T. sanguisuga (Leconte).
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FIG. 1. Distribution of Triatoma spp. and T. cruzi-infected bugs in Texas by county 1928-2006.
Based on data analyzed in this study, the triatomine bug distribution in Texas covers 97 of 254 counties. Of the 67 counties with data on T. cruzi testing in triatomine specimens, 48 had at least one positive result. Figure 1 shows the distribution of all triatomine specimens and T. cruzi-infected triatomine specimens by county. The distribution of triatomine bugs in Texas is widespread, encompassing all major geographic regions. The distribution of T. cruzi-infected bugs includes most geographic regions with the exception of the northern third of the state.
Triatoma species density and individual species maps by county are provided in Figure 2 . The collection sites of new triatomine specimens are also indicated in Figure 2 . The greatest species diversity was found primarily in the mid to south-central portion of the state. Seven counties (Cameron, Dimmit, Duval, Hidalgo, Travis, Uvalde, and Webb) accounted for the highest number of species, with four each. Of the seven species, T. gerstaeckeri had the broadest distribution, covering all but the northern expanse of Texas. T. sanguisuga and T. lecticularia were nearly sympatric in their distributions, covering all but the far west and panhandle regions. T. protracta and T. indictiva locations extended from west to the north and south-central regions. T. rubida and T. neotomae had the most confined distributions within the state. T. rubida was found exclusively in the far west region of the state. T. neotomae was restricted to the mid and deep southcentral regions.
Distribution by ecoregion was determined for all triatomine bugs having recorded point locations (623 of 2457 records). Each ecoregion represents a distinct area defined by similarity in ecosystems and environmental resources (Griffith et al. 2004) . Triatomine species were found in 11 of the 12 level 3 ecoregions of Texas. The number of unique point locations for each of the species used in the ecoregion analysis was as follows: T. gerstaeckeri, 114; T. sanguisuga, 51; T. lecticularia, 25; T. protracta, 24; T. indictiva, 11; T. rubida, 9; and, T. neotomae, 2. The greatest species diversity was found in the southern Texas plains with five species and the Chihuahuan Deserts, Cross Timbers, Edwards Plateau, and Western Gulf coastal DNA from the one microscopy-positive/PCR-negative sample was lost or degraded during the extraction process or was below detection sensitivity. For the purposes of the current study, this specimen was treated as negative for T. cruzi, because the species of trypanosome observed by microscopy could not be determined. Another morphologically similar trypanosome, Blastocrithidia spp., was identified in three of the specimens in this study (Kjos et al. 2008a) . Of the 103 PCR-positive specimens, 21 were negative by microscopy. All but one of the 21 specimens were dead prior to dissection. Samples from 31 specimens were not tested by microscopy due to prior storage by freezing or alcohol, rendering direct microscopy ineffective for trypanosome detection.
The majority (68%) of new specimens were collected from domestic settings (i.e., inside or near houses, or associated with bite events), followed by dog kennels (18%), and sylvatic settings (14%), which were primarily woodrat (Neotoma micropus) nests (Table 4 ). Of bug specimens tested for T. cruzi infection, 54% were positive among those collected from domestic settings and dog kennels, and 30% were positive among those found in sylvatic settings. Of the eight immature specimens (nymphs) collected, two were collected from inside houses, four from outside surfaces of houses, one from a dog kennel, and one from a woodrat nest. Only the nymph from the dog kennel tested positive for T. cruzi. Multiple Triatoma species were collected from 8 of the 57 sites: domestic settings (six sites), dog kennels (one site), and sylvatic settings (one site).
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plains each with four species. Most species occurred in more than one ecoregion, with the exception of T. neotomae, which was found solely in the Western Gulf coastal plains region.
T. gerstaeckeri was found in the greatest number of ecoregions, with eight, followed by T. lecticularia and T. sanguisuga, with seven each. Table 2 provides a list of triatomine species by ecoregion.
Characterization of new specimens
A total of 241 triatomine specimens was collected from 34 counties at 57 unique locations in Texas. Of the specimens collected, 233 were adults and eight were immatures (fourth and fifth instar nymphs). At least one specimen from seven triatomine species previously reported in the state was collected. T. gerstaeckeri was collected most frequently with 180 specimens followed by T. sanguisuga with 38. At least one specimen from five of the seven species collected tested positive for T. cruzi (T. gerstaeckeri, T. indictiva, T. lecticularia, T. protracta, and T. sanguisuga) . The new specimens, categorized by species and T. cruzi testing results, are shown in Table 3 .
Of the 241 specimens collected, 203 were tested for the presence of T. cruzi. The infection rate for tested specimens was 50. 74% (103/203) . Of the adult specimens tested, 52% were positive (102/197), and of the immature specimens tested, 17% were positive (1/6). With the exception of one specimen, all bugs that tested positive for trypanosomes by microscopy also tested positive by PCR. It is likely that the 
Discussion
This study provides new information on the distribution and infection prevalence of triatomine species in Texas. The last extensive survey of Texas triatomine species was based on field collections primarily from sylvatic settings in 40 counties during the period 1941 to 1947 (Sullivan et al. 1949) . The current study expanded on these results to include data from an additional 57 counties, providing more comprehensive information on the distribution of triatomine species in Texas. The new specimens collected during this study provide confirmation of species distributions determined from a large portion of preserved specimens and published data (Fig. 2) . Similar to the 1949 survey, T. gerstaeckeri was the most commonly collected species followed by T. sanguisuga. In areas of Texas where there have not been reports of either T. cruzi-infected triatomine bugs or triatomine bugs at all, we were not able to determine if it was due to a lack of data or a true absence. Although systematic sampling and testing of bugs in these areas of the state would have been informative in this regard, it was beyond the scope of this study. The ecological characteristics of these areas are similar to areas with known occurrences of triatomine bugs, so it is likely that the bugs exist there as well.
As described previously, eight species have been reported from the state of Texas. We could find only a single Texas collection report of one of these species, T. recurva, found during field studies in Brewster County, Texas (Ikenga and Richerson 1984) . Aside from this one account, this species has only been reported from Arizona and northwestern Mexico (Pfeiler et al. 2006 , Usinger 1944 , Wood 1941b , 1949 . We obtained data on 21 triatomine specimens collected from Brewster County in 12 different years from 1928 to 1995. The species collected included T. gerstaeckeri (10), T. protracta (9), and T. rubida (3). No data on collections of T. recurva in Texas were found other than the account by Ikenga et al. Additional field studies would be informative to confirm whether or not this area of Texas represents a new distribution for this species.
There is considerable geographic overlap in species distribution. No single species appears to occupy an exclusive region within Texas. T. gerstaeckeri, T. sanguisuga, T. indictiva, T. lecticularia, and T. protracta all share a large area encompassing the north, mid, and south-central regions. Not surprisingly, these same species are spread across diverse ecological areas within Texas, with each of these species occupying a minimum of five ecoregions. T. rubida and T. neotomae appear to be more restricted in habitat type, occupying only two and one ecoregions, respectively. However, the small number of point locations used in the ecoregions analysis of these two species may limit the interpretation of these findings. Analysis of the species using county-level data (as opposed to point locations) shows that T. neotomae has also been found in an area encompassed by the Edwards Plateau ecoregion, which would expand the distribution of this species to two ecoregions. Although U.S. species have been associated with a broad range of hosts, they are frequently found in woodrat nests in the western half of the country. Little has been reported on the natural history of T. neotomae, other than that it has been almost exclusively collected from woodrat nests (Lent and Wygodzinski 1979) . Of the new adult specimens collected in this study, several T. gerstaeckeri and T. lecticularia specimens were found in woodrat nests, and both specimens of T. neotomae were found in dog kennels located in close proximity to woodrat nests.
The overall T. cruzi infection rate for new triatomine specimens in this study (50.74%) was higher than previous reports of 17-48% (Burkholder et al. 1980 , Pippin 1970 , Sullivan et al. 1949 . The seven species analyzed in this study have previously been found to be naturally infected with T. cruzi in Texas (Pippin et al. 1968 , Sullivan et al. 1949 . Data generated from new specimens collected during this study support a single earlier account of T. indictiva found naturally infected with T. cruzi (Pippin et al. 1968) .
PCR analysis of gut samples proved to be more sensitive than direct microscopy in the analysis of new specimens in this study. Of the 21 samples that were microscopy-negative/PCR-positive, 20 were extracted from dead bug specimens, suggesting that direct microscopy is less sensitive when analyzing dead specimens. When analyzing the live specimens, only one positive specimen was missed by direct microscopy. Direct microscopy proved to be less specific than PCR analysis of gut material in this study. Several samples with T. cruzi-like trypanosomes as observed by microscopy were either infected with another species of trypanosome or had dual infections (T. cruzi and B. triatomae) as determined by PCR and DNA sequence analysis (Kjos et al. 2008a) .
Of the new triatomine specimens collected from dog kennels, over half of those tested were positive for T. cruzi. In a related study on the prevalence of Chagas disease in canines, 537 serologically or histopathologically confirmed cases were identified over a 15-year period in domestic dogs residing in Texas (Kjos et al. 2008b) . The presence of both infected dogs and infected vectors in close proximity to human residences in Texas provides evidence for the presence of an active peridomestic Chagas disease transmission cycle.
A high percentage of triatomine specimens found in close association with humans in this study was infected with T. cruzi. Of bugs collected from domestic settings (inside or near houses), 53% of those tested were infected, including six of seven that were associated with human bites. T. gerstaeckeri, T. sanguisuga, and T. lecticularia were identified among the specimens found inside or near houses, and T. gerstaeckeri and T. sanguisuga were associated with human bites. Of the 180 T. gerstaeckeri specimens collected, 113 (63%) were found in domestic settings. This particular species has been frequently associated with human dwellings. In a survey of villages in northeastern Mexico, where T. gerstaeckeri is considered an important human vector, 181 of 192 (94%) specimens were found in or around houses (Martinez-Ibarra et al. 1992) . Data from our study support previously published reports on prevalence of human triatomine bites in the United States, indicating that close association between humans and triatomine bugs does occur (Frazier 1974 , Lane et al. 1997 , Lynch and Pinnas 1978 , Moffitt et al. 2003 . Primarily adult stages of the bugs were collected in domestic settings according to data analyzed in this study, suggesting that colonization of houses by U.S. species (as evidenced by finding immature stages) continues to be a rare event.
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Accounts of triatomine bugs encountered inside houses in the United States have been sporadically reported for the past 60 years (Beard et al. 1988 , Griffith 1948 , Navin et al. 1985 , Wood and Wood 1964 ), but few human Chagas disease cases due to vector exposure have been reported. The first autochthonous U.S. case was reported in 1955 (Woody and Woody 1955) , and five other cases have been reported since (Dorn et al. 2007 , Herwaldt et al. 2000 , Ochs et al. 1996 , Schiffler et al. 1984 , TDH 1956 ). Three of the cases were in Texas residents. One additional case from Texas was identified in 2006 involving a small child residing in the southern region of the state (L. Robinson, Texas Department of State Health Services, personal communication). Twelve triatomine bug specimens were collected by Texas Department of State Health Services personnel from the residence of this case and submitted to one of us (S.A.K.) for identification and testing. All were adult T. gerstaeckeri and one of two specimens tested was positive for T. cruzi. The remaining specimens were not tested due to their deteriorated state.
It may be appropriate to extrapolate results from the data gathered on biogeography of Chagas disease vectors in Texas to adjacent U.S. states and Mexico where landscape features and ecoregions are similar. All seven species found in Texas have distributions that extend beyond the geopolitical boundaries of the state. Chagas disease vectors are ubiquitous across Texas and have adapted to a wide range of ecological settings including habitats near human residences. T. cruzi infection prevalence is high among triatomine bugs, and infected bugs have been found in most regions of the state. The factors influencing the risk of vector-borne transmission of Chagas disease in the United States, such as frequency and type of exposure to humans, vector host preference and host range, and distribution of virulent parasite strains, require further analysis.
